By tailoring the wavefront of the laser pulse used in a laser-wakefield accelerator, we show that the properties of the x-rays produced due to the electron beam's betatron oscillations in the plasma can be controlled. By creating a wavefront with coma, we find that the critical energy of the synchrotron-like x-ray spectrum can be significantly increased. The coma does not substantially change the energy of the electron beam, but does increase its divergence and produces an energydependent exit angle, indicating that changes in the x-ray spectrum are due to an increase in the electron beams oscillation amplitude within the wakefield.
The use of intense laser pulses to excite plasma waves with a relativistic phase velocity is a possible route to the development of compact particle accelerators. Using this laser wakefield acceleration technique, experiments have produced quasi-monoenergetic 0.1 to 1
GeV electron beams in distances on the order of 1 cm, [1, 2, 3] . Such compact particle sources have a clear potential as a source of x-rays. The plasma waves produced in current generation experiments not only have a strong accelerating field but also have strong focusing fields. These focusing fields can cause electrons within the wakefield to oscillate transverse to their acceleration direction, in 'betatron orbits'. This motion generates x-ray radiation which can have properties, in particular peak brightness, similar to those achievable with conventional '3rd generation' light sources [4] . This is, in part, due to the ultra-short-pulse nature of these x-ray sources, which are thought to be at least as short as the laser pulse involved in the interaction, [5] , i.e. on the order of tens of femtoseconds. Such x-ray sources could be used for a wide range of studies into the structure of matter. The ultra-short duration of the x-ray pulse and the possible femtosecond synchronization with other photon and particle sources driven by the same laser offer significant benefits.
Studies to date have concentrated on characterizing the properties of this x-ray source in terms of the spectrum, angular distribution, source size and its ultra-short nature [4, 5, 6, 7] .
In this letter we demonstrate an ability to control the spectral properties of the betatron x-ray source by controlling the laser wavefront.
In Ref. [8] a correlation between the energy of the electron beam and the angle at which it exited the plasma was attributed to betatron oscillations caused by off axis injection of the electrons. It was hypothesised that this was caused by an aberration in the focal spot. However in that study no direct control of the excitation of the betratron motion was attempted, nor was the effect on x-ray production measured. In this work we use a deformable mirror to tailor the laser wavefront and show that the x-ray spectrum can be changed significantly, in particular we show that a coma wavefront produces more highenergy photons than a 'flat' wavefront. This change in the photon spectrum is due to an increase in the strength of the plasma wiggler, a direct result of off-axis injection.
In the blow-out regime relativistic electrons with energy γm e c 2 undergo transverse (or betatron) oscillations at the betatron frequency ω β = ω p / √ 2γ, with a wavenumber
(where ω p = n e e 2 /m e 0 is the plasma frequency of a plasma of electron density n e ). The wiggler (or betatron) strength parameter for an electron oscillating with an amplitude r β is K = γk β r β . For sufficiently large oscillations (K > 1) the radiation is broadband and well characterized by a synchrotron-like spectrum [4, 9] , i.e. close to the axis (θ = 0) the spectrum takes the form of
is a modified bessel function of order 2/3 and ξ = E/E c . The shape of this spectrum is characterized by a single parameter, the critical energy E c . The on-axis spectrum is broadband and peaked close to E c , with approximately half the energy radiated below E c (note the present definition of E c is different to that used in refs [7, 9] but consistent with refs [4, 6, 10] ). For fixed γ and n e , the critical energy is directly proportional to the oscillation amplitude.
p r β /c. Thus increasing the oscillation amplitude of the electrons within the wakefield is expected to have a significant effect on the x-ray photon spectrum.
The experiment was performed using the multi-TW laser at the Lund Laser Centre, which provided 0.6 J energy pulses on target with a fwhm duration of 45 ± 5 fs at a central wavelength of 800 nm. The laser was focused onto the edge of a 2 mm supersonic helium gas jet using an f /9 off-axis parabolic mirror. The plasma density was held constant at
× 10
19 cm −3 , at which the laser pulse length is approximately 1.5 times the wavelength of the relativistic plasma wave λ p = 2πc/ω p = 9 µm.
The laser wavefront was measured using a wavefront sensor (Phasics SID4). A 32 actuator deformable mirror (Night N Adaptive Optics DM2-65-32), placed before the focusing optic was used to correct for wavefront errors present in the laser system, defining our 'flat' wavefront. The deformable mirror could be adjusted to tailor the wavefront.
The wavefront discussed here is coma, defined on a unit circle by the Zernike polynomial [12] through the filters, and the CCD sensitivity, we find the critical energy E c which best describes the x-ray photon spectrum using a least-squares method [7] .
The variation of E c with coma amplitude is shown in Fig. 1a ). For the 'flat' wavefront we observed E c = 1.5 ± 0.5 keV. As the coma amplitude increases, a clear shift in the x-ray spectrum towards higher photon energies is observed, reaching E c = 4.0 ± 1.5 keV for 0.175 λ coma. The electron spectra shows a constant mean electron energy of γ = 144 ± 7 for all the coma settings, implying that the change in E c is due to a change in the oscillation amplitude, r β . We calculate that the oscillation amplitude increases from r β = 1.0 ± 0.4 µm to r β = 3 ± 1 µm corresponding to an increase in the wiggler strength parameter from K = 5 ± 2 to K = 17 ± 6. The largest oscillation amplitudes are slightly less than the radius of the wakefield (approximately λ p /2 = 4.5 µm) and indicate that almost the whole width of the plasma channel is being used for radiation generation. Oscillations larger than this would not be supported and may indicate why, when larger amplitude coma wavefronts were used, no electrons or x-rays were observed.
Integrating the signal recorded on the CCD and taking into account the expected photon beam divergence, θ ≈ K/γ, we estimate that as the coma is increased the number of photons remains approximately constant at (3 ± 1) × 10 7 photons per shot. The energy in the x-ray beam therefore increases, as expected for an increase in K. Two x-ray spectra are shown in Fig. 1b) . While the peak intensity is reduced for the case of 0.175 λ coma, there is significantly more intensity at the higher photon energies.
The source of the change in the x-ray spectrum can be elucidated by examining the effect of coma on the electron beam. Figure 2 With coma we observe an energy dependent exit angle, indicating a large betatron oscillation amplitude. This occurs because, for broad energy-spread beams, an electron's energy can be mapped to its phase within the plasma wave. Different energy electrons will therefore be at a different phase of their betatron orbit as they exit the plasma, resulting in an oscillatory dependence of the exit angle with energy, as observed.
The electron beam diagnostics show that, by tailoring the wavefront to create an asymmetric focal spot, the wake dynamics are sufficiently perturbed so as to increase the amplitude of the betatron oscillations. This is likely due to the promotion of off-axis injection due to the generation of an asymmetric wakefield by the asymmetric focal spot. Images of self-scattered radiation show that a long wavelength hosing of the channel sometimes occured; the likelihood of observing this hosing increased with coma. However, the hosing wavelength was significantly longer than the plasma wavelength so would not produce an energy dependent exit angle, and no correlation between the amplitude of the hosing and x-ray spectrum was observed.
By tailoring the laser wavefront to produce an asymmetric focal spot we have demonstrated an ability to change the energy spectrum of the x-ray photons from a laser-plasma wiggler; increasing the number of high-energy (E > ∼ 5 keV) photons without the need to increase the laser power or electron beam energy. This offers an alternative route to higher energy laser-based x-ray sources without the significant cost of PW laser facilities. On some shots we observe that the effect of the coma on the electron beam divergence is predominantly in the plane of the laser asymmetry. If this effect can be controlled then it also offers a mechanism for producing polarized x-rays with a laser plasma wiggler.
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